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I. INTRODUCTION
Laser supported absorption waves are a well documented phenomenon in which a laser beam's energy is partially or fully absorbed in a front of ionized gas which is maintained by the absorption process.
These waves fall into two broad categories. Laser supported detonation (LSD) waves are characterized by absorption lengths less than the laser beam diameter, pressures considerably greater than ambient pressure, and supersonic velocities. Laser supported combustion waves (LSC) attenuate the beam's energy over a distance on the order of or greater than the beam diameter, the pressure is on the order of ambient and the velocities are less than sonic.
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It is also well documented both theoretically and experimentally that breakdown, i.e. , the creation of substancial ionization, in clean air at STP requires laser fluxes of greater than 2x10 watts/cm for 10. 6 M wavelength radiation. Under such intensities a detonation wave results. However, it has been observed that breakdown and subsequent wave propagation can occur at substantially lower fluxes if the beam impinges on a target consisting of any one of a broad range of materials.
The ignition of absorption waves can have a number of important implications with regard to laser applications. It is clear that a highly ionized absorption wave that propagates a sufficient distance away from a target will shield the target from further absorption of radiation. If the wave is in detonation regime, the high pressure volume recedes from the target leading to a decrease in the impulsive coupling.
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On the other hand, there is experimental evidence indicating that a target with small absorptivity to the incoming radiation can experience enhanced thermal coupling if an absorption wave is ignited. Possible explanations for this effect are re-radiation by the highly absorbing plasma back 10 the target and/or convective, conductive transfer of heat to the target. There are also theoretical predictions that a detonation wave which is allowed to propagate no further than one laser beam diameter away from the target can efficiently couple impulses to the target.
Since target effects can be dramatically dependent on the presence or non-presence of a laser supported absorption wave, it is important
to know under what conditions -target material, surface temperature and roughness; ambient gas pressure and flow; laser flux, pulse time and spot size -these waves are ignited. A fair body of empirical data already exists. However, lacking a suitably tested model for the mechanism responsible for the ignition of these waves, the present data has not been correlated r,or is it possible to extrapolate to conditions beyond those tested. This latter point is particularly important if one is to project possible countermeasures either offensive or defensive.
It is the purpose of the present investigation to determine the mechanism of wave ignition undr a limited set of condition;, which are of interest to future applications of pulsed laser devices. Specifically, this investigation will deal with fluxes in the range of 10 to a few times 10 watts/cm at the largest spot sizes consistent with the 10 watt 10. 6 n laser output. Most of the work will deal with metallic targets.
II. BREAKDOWN INITIATION STUDIES
Three principal mechanisms have been proposed to explain surface 8 2 plasma breakdown. At high incident flux values (> 10 watts/cm ) the electric field associated with the wave would be sufficient to induce field emission from needle shaped points on the material surface. Electrons would gain sufficient energy from the field within their mean free path to ionize an air molecule. A cascade process follows leading to full ionization.
A s'milar model, at somewhat lower fluxes, derives the initial electrons from thermionic emission. Howe er, it seems likely that points hot enough to emit ther-nionically would soon vaporize. Not only would this remove the emitting points, but the resulting va-> ^r would dominate the subsequent physics.
At fluxes of 10 to 10 watts/cm most theoretical investigations have assumed that the target first vaporizes and that the initial electron concentration, derivable from the Saha equation evaluated at the vaporization temperature, then increases due to a cascade ionization process in tY* target vapor.
Although these models are reasonably successful in predicting cascade ionization times in the vapor which are consistent with observed breakdown times, they all must call for anomalous target absorptivities or thermal conductivities in order to generate target vapor on time scales consistent with observed breakdown times. For instance, an Al surface is exh 2 pected to vaporize in 27 ßsec with an absorbed flux of 10 watts per cm .
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However, the initial absorptivity ,s « 3% which implies 27 M s e c for incident fluxes of 3 x 10 7 watts/cm 2 . Breakdown is observed on a time scale of jisecs at this flux.
One explanation for rapid vaporization would be heating of small flakes or points on the surface which are in poor thermal contact with the bulk material. The fact, observed in our studies as well as others, that a surface that does not break down at a given flux can be induced to do so by roughening it with emery cloth gives substance to this view.
One of the principal objectives of this investigation was to determine if target vapor actually evolves from the target previous to breakdown, regardless of the surface microstructural details that lead to the vaporization. Detection of the vapor would greatly enhance the credence one could place on the theoretical models that assume vaporization.
Since the required vapor for breakdown can be quite minute and since the vapor need not be strongly optically emitting at its vaporization temperature, a particularly sensitive technique is needed to detect its presence. To this end we have employed a modification of the method of Resonance Absorption Spectroscopy 7 which has long been used by chemists for detecting trace elements.
A. ATOMIC ABSORPTION SPECTROSCOPY
Theoretical Background
The absorption coefficient for photons with a frequency corresponding to the energy difference between two atomic states is given by the ex- This number illustrates the extreme sensitivity of the method to trace quantities of target vapor.
Experimental Method
The basic experimental plan has two configurations. An appropriate source of resonance radiation light for the desired target vapor transition xs either directed across the target, as shown in Fig. 1 . or else is aimed to shine on the same target spot as the impinging CO., laser radiation, as shown in Fig. 2 . The light passing by the target or reflecting from it is collected with a lens and directed to a Jarrell Ash 0. 25 meter monochrometer which serves to filter out undesired lines from the resonance radiation source and to partially block light due to a developing target breakdown. The transmitted radiation is detected with a 1P28 photomultiplier. The standard operating current for these lamps is on the order of 10 mA which is more than adequate for their usual application. However, it was found that the intensity of the emitted radiation was insufficient for giving acceptable signal-to-noise ratios when time resolution on the order of 1 ßsec is demanded as is the case in this investigation. To correct this situation, the lamps were maintained at their normal 10 mA DC level and then pulsed to a 2 amp level for a 200 fisec interval which included the time of the laser target interaction.
The "Breakdown Laser", an E-beam sustainer CO-laser device, was used to irradiate samples of Zn, Ti and Al, The pulse length was 100 ßsec with energies ranging up to 100 J and the diameter of the first Airy ring was 4 mm. The laser energy was adjusted for a given sample so as to be just below or just above the breakdown level. Fluxes exceeding the breakdown threshold by even 20% would cause breakdown in times too short (less than a few jisec) to resolve the onset of target vaporization before the atomic absorption apparatus was overwhelmed with breakdown light. As mentioned, it is difficult to "see" vapor that is near the target surface.
Experimental Results
Moreover, the number of sources of resonance radiation is limited and it is quite possible that a surface contaminant, which would be undetected in a given experiment, could be evolving from the target and contributing to the breakdown process. Emission spectroscopy covering a broad spectral range can be useful here, given sufficient sensitivity and time resolution.
Unfortunately, it may hi shown that ordinary photographic film does not have the sensitivity to record emission from spectral lines radiating at intensities corresponding to a black body at Al vaporization temperature if time resolution of jisecs are demanded and spectrometers of reasonable f numbers are assumed.
I. Experimental Method
In answer to these shortcomings, a spectroscopic facility was as- The lens used to focus the target on the entrance slit served as a window for the box. These precautions provided the requisite acoustical damping.
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Aoöolute intensity calibration of the unit was obtained by placing a standard tungsten lamp such that its filament occupied the position in the optical train that would normally be occupied by the laser target. Calibration was performed with the S. I.T. tube gated on for the same times as were used for recording plasma breakdown spectra. An electro-mechanical shutter of 20 ms open duration was placed between the filament and entrance slit to eliminate effects of imperfect blockage of light when the S. I. T. tube was in its off state.
Experimental Results
Speccral emissions from carbon targets were observed at an angle of 4 5 from the target normal. The gate pulse to the S. I. T. tube was set at 1 ßsec width and the delay between the initiation of the laser pulse and the S.I.T. gate was varied between zero and one hundred ßsec. The targets were irradiated at a central average flux level of 5 x 10 watts/cm 2 . Figure 10 shows the resulting spectrum between 3500 R and 5000 R with a 1 jutsec delay between laser and gate. A black body spectrum, with emissivity and temperature as free parameters, was fitted to the data at 7 points using the least mean square technique. This yielded a temperature of 3707 K _+ 3% and an emissivity of 0. 70 +_ 30%. The Chi squared test showed a reasonable fit. The data was also fitted in the least mean square sense with only temperature as the free parameter and with emissivity held at the handbook value of 0. 97. This gave a temperature of 3580 O K + 3%.
Along with the experimental spectrum, Fig. 10 shows a 3580 O K spectrum that has been folded with the measured absolute spectral sensitivity of the spectrometer. It is evident that the observed spectrum can be attributed to a hot black body and that there are essentially no lines due to superheated impurities.
Similar results were obtained for a delay of 4 /isec between the start of the laser pulse and the start of the S. 1. T. gate pulse. The tempera ture had increased to 4066 O K + *% assuming 0.97 emissivity. As the delay was increased further to 7 ^sec, the emission increased, but it was no longer possible to make a significant fit to the data with a black body curve.
It appeared that the emissivity towards the red end of the spectrum was low compared to the emissivity at the blue end. a feature that persisted at longe r delays,
Interferograms and shadowgrams were made of the carbon target to show its vaporization history (Fig. 11) . A 300 nsec Xe pulsed laser at 53 J3 R was used fc r illumination. The pictures were made on a shot-toshot basis on fresh target spots, but reproducibility was good. It is evident that, for the longer delays, the spectrometer is viewing the target surface Preliminary emission spectra have also been obtained with Al targets. Figure 12 shows the emission in the wavelength range 3500 R to 5000 A. The spectrometer was oriented to view the target at an angle of 45° as with the carbon targets. For Fig. 12 the S.I T. gate opened coincidentally with the start of the laser pulse and it remained open for 10 ß se C .
The laser flux was adjusted to a level just below the breakdown threshold. joules/'K-gm and a density of 1. 73 gm/cm 3 . The flux was 5 x 10 6 watts/ 2 cm and the absorptivity is expected to be on the order of 50% leading to a predicted time of less than 1 ^sec. Sublimation of the surface, which cannot be neglected at this temperature, would tend to thermostat the surface temperature.
In the case of aluminum targets, there is a large discrepancy between the observed vaporization time of 3 ^sec or less at an average inci- 
A. DESCRIPTION OF EXPERIMENT
The samples were all taken from the same sheet of Al with the surface finish in an "as received" condition. Before irradiation the surfaces were cleaned with acetone followed by methyl alcohol.
Open shutter photographs were taken to show the extent of the breakdown plume and a photodiode was trained on the target tu record the time history of light from the breakdown.
After irradiation the samples were accurately cross sectioned along the line forming tne diameter of the damage spot. Employing standard metallurgraphic techniques, the samples were mounted in bakelite and the cross sectioned surfaces were polished and etched. Fig. 15 . With a measuring microscope the depth of removed material on axis, and the depth of remaining melted material on axis were recorded. Table I .
Preceding page blank The computed values for h s with * * * are listed in Table L lt is noted that the thermal penetration depths are all significantly less than both the Airy disk diameter and the diameter of the melt affected zone. This justifies a onft-dimensional approach to the diffusion problem. From Table I it is seen that the effective axial coupling increased from 3. 6%, a value that is not unreasonable for CW coupling, to 7. 8% in the presence of a strong breakdown. Very little melt remained in the case of the strong breakdown C. MELT REMOVAL Some of the melt was undoubtedly removed in the form of droplets, since trails of burning droplets were observed in time exposed photographs and splash patterns radiated from the edge of the crater. Two actions could contribute to the melt rennoval. A radial pressure gradient is created in the liquid due to strong vaporization on the laser axis vs little or no vaporization as the radius of the first Airy disk is approached. The radial pressure gradient would accelerate the liquid tangent to the surface in a circularly symmetric pattern. A simple argument may be made to show that this effect is only to be expected at small spot sizes. From Bernouli' s equation or from energy arguments, the average radial fluid velocity, U, will be approximately given by p U 2 » P 7 where P is the on axis pressure. For Al vaporizing at a flux near 10 2 7 2 watts/cm P may be shown to be of the order of 10 atm (10 dyne/cm ).
In order for the fluid to accelerate out of the crater within a pulse time, 
